METHOD FOR FORMING GAS CLUSTER 
AND METHOD FOR FORMING THIN FILM 

"""t~t FT ED OF THg INVENTION, 
""^^r^-n — to a »e t « for formins a 

h i„ film with this ion beam, more particularly, th. 
pres ent ,»™ tlM relates to a method tor 
Urn based on a 6 as duster ion, which is a group •« 

o4- thp room temperature, 
ti ve substances liquid or gaseous at the 
h - h is useful for manufacturing semiconductors and other 

• and for surface modification of function- 

electronic devices and for 

al materials. 
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i; I: l a substrate 

! L in tactics. SUceU, — 

,, sufficient density because of the space 
- having a practically sufficient lrradi ation 
" charge effect between ions with a iow-ener g y ion irra 

i j lt the usual practice to use a high 
in these methods, it is tne 

incident energy of several keV . 

However, in these conventional methods ustng tons hav „g 

, v it is difficult to avoid damages to 
a high incident energy, it 

. h» treated and deterioration of 
the substrate surface to be treatea, 
the substrate surface and thin film properties. 

Conventionally available methods for depositing a thin 
fil . on a semiconductor substrate have included the v c 
CVD method and the plasma CVO method. The vacuum D 
has however a probiem in that a sufficient deposition 
cannot bc obtained unless the substrate temperature is 
sued to over 400-C. Consequent ly , when depos it tng a thin 
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,11. such as !ead titanate .irconate (Pb(Zr. T1)0,) directly 
onto a Silicon substrate, for example. Pb . Ti and Zr diffuse 
throughout the silicon substrate, resuiting in deterioration 
of electric characteristics. 

The plasma CVD method, known as a method for forming a 
thin film at a low temperature, is defective in that much 
im p„rities are mixed up, and ions damage the substrate 
surface, with difficulty of film th i ckness .con t ro 1 of a 
produced extra-thin film, resulting in the impossibility to 
apply for an insulating film or a ferroelectric film requ.r- 

ing a high quality. 

' It has thus been difficult to obtain a high-grade ultra- 
thin film because the quality of a thin film has deteriorat- 
ed according as the forming temperature of thin film has 
become lower in the conventional techniques. 

Under these circumstances as described above, there has 
been a strong demand for development of a novel method 

, ifiration of a substrate and formation 
permitting surface modification 

of a high-quality thin film at a lower temperature, or 
particularly at the room temperature without heating the 
substrate, as a basic technique directed toward progress of 
a more sophisticated electronics such as ULSI . 

in this situation of technology, the present inventors 
have already proposed a method of forming a lumpy group of 
atoms or molecules from a gas-reactive substance gaseous at 
the room temperature under the atmospheric pressure and 
irradiating gas cluster ions generated by ionizing same onto 

a substrate surface. 

This method permits cleaning and flattening of a sub- 
strate surface, as well as even formation of a thin film 
with a lower energy, and is therefore attracting the general 
attention as a technique for ultra-high-accuracy fine sur- 
face fabrication with the use of a low-energy beam hereaf- 
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in spite of the considerable potentiality of this clus- 
ter ion beam, however, the technique has just paved the way 
to development, and many problems are still left for future 
resolution, including, for example, restriction on the kind 
of gas component substances and applications thereof. 

The present invention was developed in view of the 
circumstances as described above, and has an-object to 
provide a novel method related with gas cluster ion beam, 
which permits formation of a high-quality thin film having a 
flat and smooth interface in a state free from damage to the 
substrate at a relatively low temperature, through further 
development of the gas cluster beam technique. 



SUMMARY OF THE IN VENTION 

As means to solve the above-mentioned problems, the 
present invention provides a method for forming a gas clus- 
ter, which comprises the steps of mixing a substance liquid 
at the room temperature under the atmospheric pressure and a 
pressurized gas, and causing the resultant mixture to spout 
as a gas from a nozzle to generate a cluster which is a 
lumpy group of atoms or molecules (claims 1 to 6). 

The present invention provides also a method for forming 
gas cluster ions, which comprises the step of ionizing the 
thus formed gas cluster (claims 7-8), and a method for 
forming a thin film, which comprises the step of irradiating 
the thus formed cluster ions onto a substrate surface, 
thereby forming a thin film (claims 9-10). 

Furthermore, the present invention provides a method for 
forming a thin film, which comprises the steps of forming a 
cluster which is a lumpy group of atoms or molecules of a 
reactive substance gaseous at the room temperature, irradi- 
ating cluster ions ionized therefrom onto a substrate sur- 



3 



face and at the same time or alternately, irradiating a 
single or a plurality of, component gas of a deposit film 
onto the substrate surface to cause reaction of the both, 
thereby depositing a thin film on the substrate surface 
(claims 11-14), a method for forming an oxygen-containmg 
g as cluster, which comprises the step of causing an oxygen- 
containing pressurized gas mixed with a rare gas to spout 
fro m a nozzle to form a gas cluster (claims.. 18-18) . a method 
for forming an oxygen-containing gas cluster ion resulting 
fr om ionization thereof (claim 17), and a method for forming 
a thin film, which comprises the step of irradiating this 
ion onto a substrate surface, thereby forming a thin film 
(claim 18) . 

ppjrg^F riF.sr.RI PT I ON O F THE DRAWINGS 

Fig l. shows a sectional view illustrating an expansion- 
type nozzle; 

Fig . 2. shows a schematic view illustrating a system for 
generating gas clusters from a liquid substance; 

Fig . 3 shows a graph illustrating the He supply pressure 
dependency of the cluster beam intensity at a Ti(i - OC 3 H 7 ) 4 
temperature of from 60 to 75°C; 

Fig. 4 shows a graph illustrating the He supply pressure 
dependency of the cluster beam intensity at Ti(i - OC 3 H 7 ) 4 
temperatures of 60° C and 70°C; 

Fig 5 shows a graph illustrating the relationship bet- 
ween the Till " OC 3 H 7 ) 4 temperature and the beam intensity 
at a partial pressure of 5 of He; 

Fig 6 shows a graph illustrating the supply pressure 
dependency of the 0 2 cluster beam intensity whey at various 

nozzle temperatures; 

Fig. 7 shows a graph illustrating the relationship bet- 
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a thP rluster beam intensity 
ween the 0 2 /He mixing ratio and the 

at a nozzle temperature of 300 K; 

Fig . 8 shows a graph iilustrating the case with a 
temperature of 250 K corresponding to Fig. 7; 

h illustrating the case with a nozzle 
Fig. 9 shows a graph illustrating 

temperature of 120 K corresponding to Fig. 7; 

h „f retarding field spectrum of 0 2 
Fig 10 shows a graph of retarding 

nnlv pressures at a nozz-le temperature 
ion under various supply pressur 

of 300 K; . n 

u of retarding field spectrum of 0 2 
Fig 11 shows a graph of retarding 

• , He mixing ratios at a nozzle temperature of 
ion at various He mixing 

1 K; , h a ,raph of retarding field spectra of 0 2 

Fig. 12 shows a grapn ui 

.„ ro of 300 K, when decreasing the 
1 ion at a nozzle temperature of Juu r., 

, to 140 K and under conditions including 
X nozzle temperature to 140 K, 

i a nozzle temperature of 140 K and 59% mixing of He gas, 
l -' a " . illust rating the dose dependency 

Fig 13 shows a graph illustrating 

of SiOo films formed through irradiation of 
%: of the thickness of SiU 2 iu> 

n and C0 9 cluster ions; 
J 2 YPS spectral diagram of an oxide film 

Fig. 14 shows an XPS specirai 

n fluster irradiation; 
formed through 0 2 ciusiei 

h illustrating the carbon concentra- 

Fig. 15 shows a graph illustrating 

tion in an oxide film; 

Fig 16 shows a graph illustrating the thlckn... of « 
sl 0 2 »1- as fro, an XPS anal,.!, carried out 

bef ore and after an HP treatment of an oxide fit™ forced 
through C0 2 cluster irradiation; 

F ! g 17 Shows a graph Ulustrating the thicKness of an 
si02 ,11. as deterged fro™ an XPS analysis carried out 
bef ore and alter an HF treatment ol an oxide 1 i 1. formed 
through irradiation of 5 keV 0 2 duster; 

Fig 18 shows a graph Iilustrating the th.ckness of 
Sl02 film as determined fro. an XPS analysis oarried out 
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beto re - an HF treatment c £ an oxide -med 

through irradiation of 7 KeV 0 2 cluster; 

Fig 19 shows a graph illustrating h rgh-f reouency 

, an MOS capacitor using, as a gate ox.de 
characteristics of an MOS cap 

siO film forced through irradiator of 0 2 
film, an Si0 2 ^ lim 

10nS ; ig 2 0 shows a retarding field spectral diagram after 
nation of THi - OC 3 H 7)4 /He mixed gas and He gas, re- 

SPeC ;;; ly 2 ; * S a diagram illustrating an eourpment con- 
oration for irradratron for generate of dusters and 

after ionization thereof; 

, *n X-ray pho t o e 1 e c t r on spectral diagram 
Fig 2 2 shows an X ray 

• al of an Si substrate surface irradiated with 
from Ti2p signal of an bi 

/ . r\n u \ . cluster ions; 

* " an x-ray photoe lec t ron spectral diagram 

Fie 23 shows an a ray y^^ 

n,-,- OC H,)„ vapor and 0 2 cluster ions; 
; wh en irradiating Tid - OC 3 H 7 ) 4 P 2 diffract ion 

Fig 24 shows a graph illustrating an X ray 

• Hi, ting Pb vapor and 0 2 cluster ions; 
pattern when irradiating 2 diffr action 

Fig 25 shows a graph illustrating an X ray 

^ Pattern'when irradiating Pb vapor ^ 

o aranh illustrating the average 
Fie. 26 shows a grapn in 

, .^^iating Pb vapor and 0 2 
roughness (Ra) of a sample when rrrad.atrng 

""".I: Tihows an X-ray pho toe lec t ron spectral diagram 
f rom Ti.psrgoal when irradrating TiU - OC 3 H 7 , 4 , - vapor 

«nH Oo cluster ions; 

2 h an X-ray photoe 1 ect ron spectral diagram 

Fig. 28 shows an X ray puu 

from Pb4f signal coi responding to Fig. 27; 

v. n X-ray photoe 1 ect ron spectral diagram 

F ig. 29 shows an X-ray pnuuu 

i- to Fi^s 27 and 28; 
from 021s signal cor respond ,1 to F ... di{fraction 

Fig 30 shows a graph Ulustratrng an X ray 
pattern ofaPhTiOS thru film when irradiating Ti(l - 
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OC,H 7)4 thin ,11. when irradiating TIC1 - OC 3 H 7 ) 4 , P*° vapor 
..I ^cluster ,o M onto a Pt/Ta/S. - substrate 

temperatures ot 400"C and 380-C; 

Fi , 3t shows a g ra P H iHu.tr.tln. an X-rav diffracts 
pattern c« a thin film formed b y Irradiating Ti(i - 
Pb 0 vapor, and various 0 2 purees onto a Pt/Ta/Si substrate 
at a sobstrate temperature of 430-C; and 

FiE 32 shows a current-voltage eurve of- a PbTi0 3 thin 
film obtained b y irradiating Ti<i - OC 3 H 7 ) 4 , PbO vapor and 

' 4- « Pt/Ta/Si substrate at a substrate 

0 2 cluster ion beam onto a Pt/Ta/bi 

temperature of 430°C. 

As described above, the present invention makes xt 

rr«o» a g as cluster from a substance liquid at tbe room 

" temperature under tbe atmospheric pressure, to form a gas 

T ; cluster ion through ionization thereof, and to form a thxn 

- , ^ ^ -f thiq eas cluster ion; 

film by means of this gd^ 

2) to form a thin film through simultaneous or alternate 
• irradi at,on of the gas oluster ion of a reactive substance 
liquid or gaseous at the room temperature under the atmos- 
pheric pressure and other deposit film components; and 

a or, inn thereof from a mixture 
3) to form a gas cluster and an ion thereot 

*nri an oxygen-containing gas, and to form an 
of a rare gas and an oxygen 

oxide film from this ion. 

in the case of the above-mentioned methods, applicable 
substances liquid at the room temperature under the atmos- 
ph eric pressure include various inorganic and organic com- 
pounds, oxygen-containing compounds such as metal 
and organic metal compounds, and applicable pressurized 
gases include inert gases and reactive gases. 

The above-mentioned liquid substance may be a gaseous 
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cluster by transporting same with an inert gas or a rare 
ga£ More specificaUy. mere has conventionally been anown 
a method of producing a cluster by charging a solid material 

•+ raise the steam pressure, 

into a crucible Md heating it to raise tn 

and clusterization is possibie by a similar method even for 
a 1U uid material This method has however probes tn 
th at, in order to repienish raw trials, the vacuum .... 
m ust be released to the open air. and the caster beam 
cann ot be directed downward. In the present Invention, the 
impr cvements are such that raw materials can be replemshe 
J side the vacuum unit by using the method of bubbling with 
a carrier gas or the liae, and the beam can be directed 
Ocwnward irrespective of the gravity. In addit.on, use of 
th . method of the present invention brings about such ef- 
f .ct. as an increase in the cluster size and an increase tn 
th . cluster beam intensity. Because the amount of 
condensed gas can be controlled with the amount of supplied 

of being precisely controlled, beam 
carrier gas capable ol being y 

, c abiliZ ed It is also possible to form a 
intensity can be stabilizea. 

■ ! cluster comprising a mixture of U,»U and gaseous materials 
' b y using a reactive gas such as 0 2 as a carrier gas. 

" A cluster can be generated from a substance gaseous at 
th e room temperature under the atmospheric pressure by 
causing a pressurized gas to spout through an expansion-type 
nczzle into a vacuum unit. In all cases, the thus formed 
cluster can be ionized through irradiation of electron or 
the like. 

The size (lengths H and 1 2 , and diameters d 0 , d t and 
d?) of the expansion-type nozzle may be appropriately deter- 
ged in response to the amount of generated duster, the 
substance to be formed into a cluster and distribution of 

+ ;™ of a circular nozzle having 
cluster sizes, on the assumption of a circu 

in Fie 1 as an example. The amount of 
the shape shown in Fig. l as 
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generated cluster and the size distribution are dependent 
particularly on 1 2 and d Q : a smaller d 0 and a longer 1 2 
correspond to a larger amount of generated cluster and a 
la rger size. Typical values of 1 2 and d Q include approxi- 
mately 12 = 5-50 mm, and dO = 0.02-0.2 mm. 

in the examples described later, the following values 
are employed, which may approximately be adopted: 

l 1 =30mm,l2 =32mm » 
d 0 = 0 . 1 mm, d 1 = 12 mm, 

d 2 = 8 mm. 

The generated gas cluster is usually composed of from 
several tens to several thousand atomic or molecular groups. 
The extent of size of these groups may be determined, as 
described above, in response to the nozzle shape, the struc- 
ture thereof, the gas supply pressure, and the kind of the 
substance to be treated. 

Applicable reactive substances gaseous at the room 
temperature include, for example, oxides and carbides sucb 
as C0 2 , CO. D 2 , N 2 0, NO x , and C x H y O z , nitrides such as N 2 
and NH 3 , AsH 3 , SiH 4 and other reacting substances. Any of 
these substances may be used in mixture with a rare gas such 
as Ar and H 2 • 

in the case of 0 2 , mixture with a rare gas and further 
the use of a cooled expansion-type nozzle make it possible 
to form a gas cluster, to ionize same, and to form an oxide 
film through irradiation thereof onto a substrate. 

As a component gas composing a deposit, such organic 
substance as an organic metal compound may be used in a 
gaseous form in response to the kind of the target deposxt 
fi lm. in this case, a rare gas capable of being supplied in 
the form of a halide, an alcoholate compound or a carbonyl 

u „^ Ti 7r Pb or Nb may be used 
compound of an element such as Ti, Zr, Pb 

as a carrier. 
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These components may be supplied in the form of clus 



ters 



The method for forming a thin film through a reaction 
between a reactive cluster ion beam and the substrate will 
be described further in detail by means of examples. 



now 



F.xamole 1 

Fig. 2 shows an example of the apparatus for generating 
a cluster by transporting vapor of a liquid, material by 
m eans of a carrier gas and then causing same to spout from a 
nozzle This demonstrates a case using tetrai sopropoxy t Ita- 
nium (Ti(i - OC 3 H 7 ) 4 ) liduid at the room temperature under 
the atmospheric pressure, in which temperature of a thermo- 
stat and a transport piping was raised to about 70 to 75°C 
to increase the vapor pressure to about 1 Torr. He was 
employed as a carrier gas. Apart from this, a rare gas 
such as Ar or H 2 may be used. A material having a lighter 
weight results in generation of a cluster more efficiently. 

Fig. 3 illustrates dependency on He supply pressure of 
the beam intensity of gas cluster of tetra-isopropoxyt Itani- 
um by using a Ti(i - OC 3 H 7 ) 4 mixed gas when causing the raw 
serial temperature to vary between 60 and 75'C Results 
of supply of He gas alone are also shown. Temperature of 
the transport piping and the nozzle was set at 75°C. Beam 
inten sity was measured as a degree of vacuum by providing a 
vacuum gauge on the beam axis. In this case, generation of 
a cluster causes a sudden increase in the number of mole- 
cules coming into the vacuum gauge, resulting in a lower 
degre e of vacuum. Generation of the cluster was confirmed 
in accordance with this principle. In the case of He gas 
alone, no increase in the beam intensity was observed along 
with the increase in the supply pressure, thus suggesting 
that no cluster was generated. In the case of a mixed gas, 
a steep rise of beam intensity is observed under a supply 
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pressure of over 3 at.. This result clearly indicates that 
Ti(i - OC 3 H 7 ) 4 was clusterized. 

Ex ample 2 . , . 

Fig 4 shows dependency on He supply pressure of a Ti(i 

. 0C,H 7>4 and He mixed gas be,, intensity in the case with 

raw materia! temperatures of 60-C and 70-C, and a tempera- 

ture of the transport piping and the nozzle of 70" C in 

Exampie 1. This similarly suggests that the Ti(i - OC 3 H 7 ) 4 

gas was clustered. Beam intensity showed a value lower 

th an in the case with a temperature of the transport piping 

and the nozzle of 75°C 

Fig 5 illustrates the relationship between the source 
temperature and the cluster- beam intensity under the He gas 
supply pressure of 5 atm in the case with a temperature of 
th e transport piping and the nozzle of 70-C. Increase in 
the source temperature leads to a steady increase in the 

beam intensity. 

These generated clusters can he ionized hy the applica- 
tion of the electron impact technique or the like. Other 

7Wt - OCHnli, can also be clusterized. 
materials such as Zr(t ot 4 H 9M 

Fvample 3 

F1 g 6 illustrates the supply pressure dependency of 
b eam intensity of 0 2 gas duster when the nozzle temperature 
of 0 2 gas varied between the room temperature and 120 K . ^ 
While beam intensity shows only a low value as 0.6 x 10 
Torr at the room temperature under 6 atm, it increases and 
an increase in cluster beam intensity is observed according 
as the nozzle is cooled. The 0 2 Sas cluster showed a beam 
intensity of 4 x 10"" Torr at 120 K under 6 atm, or an 

perature. Generation of a cluster by nozzle cooling was 
achieved under a lower supply pressure. This is useful from 
the point of view of enlarging the cluster size and improve- 
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m ent of background degree of vacuum resulting from a de- 
crease in flow rate. 
Fvam ple 4 

Fig . 7 shows the dependency on mixing ratio of the 
neutral beam intensity of an 0 2 /He mixed gas at a nozzle 
temperature of 300- K. Under any of the supply pressures, an 
increase in the cluster strength is observed by setting the 
mixing ratio of He gas to about 30%. Under. an He supply 
pressure of 6 atm, the beam intensity shows, under the 
effect of mixing of He, a value three times as high as that 
in the case of 0 2 gas. 
Exam ple 5 

Figs 8 and 9 show the dependency on the mixing ratio of 
0 2 gas cluster beam intensity in an 0 2 /He mixed gas when the 
nozzle temperature was reduced to 2 50 K and 120 K, respec- 
tively, in all cases, mixing of He increased the beam 
intensity. The case where the nozzle was cooled to 120 K 
and an He mixing ratio was appropriately selected showed, as 
compared with the case at a nozzle temperature of 300 K and 
using Q 2 gas only, a beam intensity 20 times as high as that 
under a supply pressure of 6 atm and 80 times as high as ^ 
that under 5 atm. The maximum beam intensity was 12 x 10 
Torr . 

In view of the results presented above, the neutral 
cluster beam intensity of 0 2 gas could largely be increased 
through nozzle cooling and mixing of He by using conditions 
including a supply pressure of 5 atm, a nozzle temperature 
of 12 0 K and an He mixing ratio of about 50%. For 0 2 clus- 
ter cooling to 120 K gave a six times as high cluster beam 
intensity, He dilution, a three times as high, and a combi- 
nation of these two methods, a 20 times as high. 
Ex ample 6 

Fig. 10 illustrates the retarding field spectrum of 0 2 
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cluster ion beam in the case where a nozzle temperature of 
300 K was selected and the supply pressure was varied upon 
ionization through irradiation of electron. Even in a 
positive retarding field under a supply pressure of over 5 
atm, ion current was observed, suggesting the generation of 

0 2 cluster ion beam. 

Fig. 11 shows the retarding field spectrum of D 2 ion at 
various levels of He mixing ratio. Conditions included a 
gas supply pressure of 4.5 atm, an acceleration voltage of 5 
k V and a nozzle temperature of 150 K. While the case 
without mixing of He showed a cluster current density of 2.2 
nA/cm 2 , He mixing of 35% gave a current density of 3.9 
nA/cm 2 , or a cluster current 1.8 times as high. 
Fxam ple 7 

Fig 12 shows the retarding field spectrum of 0 2 ion in 
the case where the nozzle temperature was decreased from 300 
K to 140 K, and also in the case where He gas was mixed in 
an amount of 50% with a nozzle temperature of 140 K. The 
current density of cluster ion was increased to 26 nA/cm by 
nozzle cooling, and to 80 nA/cm 2 by mixing of 50% He gas. 
This current value is 16 times as high as the value at the 
room temperature . 
Ex am ple 8 

Fig . 13 shows the result of XPS investigation of the 
film thickness of an oxide film formed by irradiating 0 2 gas 
cluster ion formed by mixing 50% He and cooling the nozzle 
to 140 K onto an Si(100) substrate at the room temperature, 
together with the result obtained by using C0 2 gas. These 
results suggest formation of an Si0 2 film thinner than 11 nm 
by the irradiation of cluster ions. The oxide film thick- 
ness demonstrates a tendency of being saturated at a dose of 
over about 5 x 10 15 ions/cm 2 . Comparison with a constant 
acceleration voltage, the oxide film formed by O, cluster 
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ions has a thickness larger than in the case of C0 2 cluster 
and has a higher reactivity. 

Fig. 14 illustrates an XPS spectrum of an Si0 2 film 
formed at the room temperature by irradiating 7 keV Q 2 
cluster ions in an amount of lo" ions/cm* , together with a 
spectrum of an Si0 2 film formed at 900'C by the application 
of the thermal oxidation method commonly used in the LSI 
m anufacturing process. These spectra reveals that the oxide 
film of a sample formed by the use of 0 2 clusters has a film 
structure identical with that of a sample formed by the 
thermal oxidation method, and a high-quality SiO, thin film 
is formed even by the irradiation at the room temperature. 

Fig. 15 shows the carbon concentration in an Si0 2 film 
formed by the use of 0 2 cluster ion beam in the form of the 
relationship between the oxide film thickness and the ratio 
of spectral intensity caused by oxygen and carbon. For 
comparison purposes, values for an oxide film formed by the 
use of C0 2 cluster ions and a thermal oxide film are also 
shown. Because carbon is not contained in the thermal oxide 
film to an extent detectable by the XPS method, these sig- 
nals are attributable to organic carbon adhering to the 
surface after formation of the film (detection limit of 
measurement). The carbon concentration in the oxide film 
formed by the use of 0 2 clusters was reduced to below a 
third that in the case with C0 2 , thus demonstrating that a 
lower carbon concentration was successfully achieved. 
Example 9 

Fig . 16 shows the thickness of an Si0 2 film as deter- 
mined from an XPS analysis after fluoric acid treatment of 
the Si0 2 film formed by means of C0 2 cluster ion beam. The 
film thickness does not vary between before and after the 
fluoric acid treatment with a low dose, so that the oxide 
film on the substrate surface is not a high-quality Si0 2 
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film. Thereafter, the transition film thickness decreases 
to 20 A along with the increase in dose. 

Figs. 17 and 18 illustrate the thickness of an Si0 2 film 
as determined by an XPS analysis before and after a fluoric 
acid treatment of the oxide film formed by irradiating 5 keV 
and 7 keV 0 2 cluster ions, respectively. Even with a low 
ion dose, the oxide film thickness after the fluoric acid 
treatment is thin as about 10 °A. The oxide fil, has a 
better quality as compared with that in the case of CO, 
irradiation, thus suggesting that a steep interface was 
formed between the film and the substrate. 
Example 10 

Fig . 19 represents high-frequency CV characteristics of 
an MOS capacitor using, as a gate insulating film an Si0 2 
film of 62 A formed by the use of 0 2 clusters. The sub- 
strate is an n-type Si(100) having a specific resistance of 
2 to 3 Q -cm. Satisfactory C-V characteristics were 
achieved, indicating that this MOS structure has satisfac- 
tory properties as an insulating film for LSI. 
Example 11 

Fig . 20 shows a retarding field spectrum after ioniza- 
tion of a Ti(i - OC 3 H 7 ) 4 /He mixed gas and He gas. Condi- 
tions included a gas supply pressure of 5 atm, an accelera- 
tion voltage of 2 kV , and a nozzle temperature of 75°C. In 
the case of the Ti(i - OC 3 H 7 ) 4 /He mixed gas, ion current is 
observed within a range of retarding voltage of from 0 to 
300 V, thus suggesting that Ti(i - OC 3 H 7 ) 4 cluster ions have 
been generated. In this instance, the clusters have an 

average size of 700 molecules/cluster, and a maximum cluster 

size of 2,500 molecules/cluster. 

Example 12 

Fig. 21 illustrates generation of clusters and an out- 
line of the irradiator. A cluster generating section is 
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provided with a nozzle having a rare gas mixing mechanism 
and a cooling mechanism for generating clusters of oxygen, 
nitrogen and the like, and a nozzle having a bubbling mecha- 
nism for generating clusters of a liquid material. A beam 
analysis/irradiating chamber is provided with an electrode 
system for carrying out ionization, acceleration and mass 
separation, an ion gauge for analyzing a neutral cluster 
beam, and a Faraday cup for analyzing the size of cluster 
ions. It is also provided with a substrate holder and an 
evaporation source for forming a thin film. 
Example 13 

Fig. 22 shows an X-ray pho toe 1 ect ron spectrum from a 
Ti2p signal of an Si substrate surface in the case where 
Ti(i - OC 3 H 7 ) 4 cluster ions accelerated with an acceleration 
voltage of 7 kV in an oxygen gas atmosphere having an oxygen 
partial pressure of 3 x 10" 5 Torr in the apparatus shown in 
Fig. 21. The substrate had a temperature of 36CTC. Two 
: peaks observed near binding energies of 459 eV and 464 eV 
are signals from Ti02, suggesting that a Ti02 thin film has 
been formed. The composition ratio of Ti to 0 as determined 
from the signal intensity ratio of Ti2p and 021s spectra is 
1:2, indicating that a Ti0 2 thin film satisfying the 
stoichiometric ratio has been formed. 
F, y amp 1 e 14 

" Fig . 23 illustrates an X-ray pho toe 1 ec t ron spectrum of 
the substrate surface in the case where an Si substrate and 
a Pt thin film substrate were exposed to Ti(i - OC 3 H 7 ) 4 
vapor having a partial pressure of 3 x ICT 5 Torr, and at the 
same time, 0 2 cluster ions accelerated with 7 kV accelera- 
tion voltage were irradiated. The substrate had a tempera- 
ture of 36CTC. There are observed Ti0 2 thin films formed on 
the both substrates. The composition ratio of Ti to 0 as 
determined from the signal intensity ratio of Ti2p and 021s 
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. that Ti0 9 thin films satisfying 
; c 1-2 indicating that uu 2 
spectra is 1.4. t the ca se 

- r. a tHo have been formed. Also 
th . stoiehios,etno ratio ha ^ tiq2 (Um 

-» Ti ° (DPM)2 " 4 ratl0 was on th. Si 

sa tisiyin g t h . C M o£ formlng a thin .11- 

substrate, showing the possibility 

i^. vw this method. 
using various .atertaXs by th s t 0 i ehiomet- 

In action, Ti0 2 thin » - _ 
ri0 „ tlo were io,- a so in ™ ^ ^ and 

riruirioiriireir :l ^^ r — 

wLl sLuitaneousiy irru.iatea onto an Si substrate. 

ExanvpJ e 15 ^attprn of a sample 

v-rav diffraction pattern oi 
Fig. 24 shows an X-ray an 

„ opting Pb by crucible heating at a 
r prepared by vapor-depos it ing y 

f(S of o 7 nm/minute onto an Si0 2 thin 
; depositing rate of 0 7 irradiating o 2 cluster ion 

1 subs trate, and at the same time, 

t different acceleration voltages. The 
beam at different for . red (111) orienta- 

^ t a pb0 thin film having a preferred in 
i gests that a PbO tni rluste r ion beam with an 

C tion was formed by irradiating 0 2 cluster 
I acceleration voltage of at least 5 k V . 

M 2 *^ n v ra y diffraction pattern of a sample 

Fig 25 shows an X-ray an 

c,n thin film 

— To;::::::: bin ::«.—«.. .«> - 

i " >dU "" g ° 2 ' of s w . While a PbO thin ,11. - 

accel eration volta.e of 5 pbQ thl „ £llm is 

formeQ in all eases, orys tal 1 mi ty 

— » — 7° I;!;:!;: I!- . current 

density of 100 nA/cm , 
increasing this value. 
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Ml£l -^ th average surface roughness (Ra) of the 

Fig- 26 shows the average rieDOsiting Pb by 

f a sample prepared by vapor-depos 
surf ace of a sampl subst rate at a 

crU cible heating onto an Si0 2 

«tP of 0 7 nm/minute, and at the 
depositing rate of of ^ pbQ 

Muster ion beam. The sun 

irradi ating 0 2 cluster ion 
thi „ film is largely flattened ^ ^ 

Dlpratio n voltage of at least 
" ith ^ aCMl ' 7 kV R a decreases to 9 A, and « 
acc eleration voltage ol . obtained . 

.„..t of considerable flattening is oOta.ne 

EM1E ^ aa » an X-ray pho toe iect ron spectre™ fro- a 
Fig . 27 snow an X r y P ^ ^ 

T12 p signal of the surface _ 

„ martial pressure of 3 x 
atmosphere under a par nm /minute, 

Ph at a depositing rate ol u. 
vapor-depositing ro rlust er ion beam accel- 

« m< » time irradiating 0 2 cluster 
and at the same time, 

,.i prat ion voltage of 7 kv . 
■, : er ated with an photoe iect ron spectre, fro. 

Fig . 28 illustrates an X ray x _ 
. PM f s.gnai of t h e sa.e sa.ple surface an- _ 
^ ray pnotoefectron spectre, fro. a OS , ^ 

ThP composition rauu 
sample surface. The comp ^ . g 

1-1 -3 suggesting that a r d 

satisfying t,e stoic h io„etriC ratio ~ *~ ^ ^ 
As is clear from this Example, a 

^luctpr ion beam. 
fi l B was formed by using gas cluster 

h an X-ray diffraction pattern of a thin 
Fig. 30 shows an X ray Q 

• „ Pf/Ta/Si substrates heatea 
f ilm formed by exposing Pt/Ta/S ^ 

nr Hr,), atmosphere having f 
and 380-C to Tid " OC 3 H 7 ) 4 nsit ing Pb at a depos- 

f n 4 x 10~ 6 Torr, vapor-depos it ing 
pressure of 0.4 s imu 1 taneous ly , irradiating 

iting rate of 0.6 nm/minute , and 
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^ „ c itv of 100 nA/cm 2 , 
• ~ c rurrent density ui 
0 2 cluster ion beam having a 

2 , o1pr ation voltage of ' * v 

accelerated with an accelerati ^ 

.v, Hatrree of vacuum was t x 
». P .r deposition, the degree & 

,t„ w , 

PbTl 0 3 thin ,U. ^ ^^^^ a 4iffr „. 

«« ^" c " d in . „. obse rved, whereas there ere 

tlM in H01, orientation is net o ^ dif , 

observed (00U and (iOO, ° ^ u obserV ed 

£rom £ rr:r 1 r t :::;::riti 

in this PbTi0 3 thin film. nQn _ cry sta l 1 ine . 

This suggests that a PbTi0 3 This 

— Wr :: V LtJd or the 

* applieat.on ot ^ ^ sQl _ gel 

1 » - — ^' " he " t g .option of a fixed 

process, a temperature ^ sob!lr , ( 

5 diel ectric pyrochiore phase ex.sts . ^ 

netting formation of a non c y 
* temperature permitting ^ of the perovs.ite 

: a nd the -.Perature Perm tt . ^ ^ ^ ^ _ 
ph ase. Formation a PV ^ ^ oxygen 

USlng C l U r g S en source with a high density, form a thin 

acting as an oxygen vac uum, and 

v, cnrface reaction under a nign 
film through surface & 1qw 

iitv ferroelectric thin m» 
obtain a high-quality ter 

temperature . 

n x _ ray diffraction pattern of a thin 
Flg . 31 shows an X ray atmosp here 
nlm torm ed c, „p..l«. TiU - OC.H,^ ^ ^ ^ 
h a.in g a partial pressure ° ^ ^ pbQ at a depo s- 

sub strate heated to 430 0 P supplying 
* of n 5 nm/minute, and at uie 

When supplying oxygen 

oxyge n under various condition 
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of 3 x 10 " 5 Torr as an oxidizing 
having a partial pressure of 3 alline . When 

- d "" nS " eUtr ' crystalHnity -as stained. 

sklte ph ase ; /; Mr y clu5ter . lM times as high - 

Clusters have a Kme 

- " * "T ^c s-s cnt— to . n .U"- 
held by the neutral 0 2 Crysta l 1 inity Is 

ties, thus maaing — ^ .7:1 atlon voltage tor the 
largel y I.™- » "; ven a lo „ accelera tion 

02 ciust :;;:; g "e „ .««; .« — — i - 

voltage of 1 * v 

Unlt : addition to the Pb and « sources as ^ ^ ee , 

i — :::: :::: 

- thin fUn, suoh as Pb(Zr, 3 materia ls and 
using Bi-containing materials. ^ 

. 1 s as raw materials, 
Sr-containing matert tu „ fi „ S .ch .s 

: ble to form a Bi laminate ferro 

3 BiSr 2 Ta 2 0 9 . 

ESM!EiiLjLL cu rrent-voltage oharac t er i st ies of a 
Fig. 32 represents curren sputt ering proc- 
urer Prepared by depc .sUin, , A J ^ ^ ^ ^ 

- °" " -"^l . ^ration voltage of3» of 
meth od of - ^ Qf 5V1 eads to a lea. 

°* 10nS ' f i xl.- A/cm^ . suggesting that a high- 

current density of u formed . 

quality thin film — ' polar i.a tl on of the thus 

The rel ationship between demo „s t rat ing 

f crmed capacitor shows a by ^ . pontaneou . ^ 

that a ferrodielectnc thin 

nation property was formed. as described above 

.ccording to the present inventton. 
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* eras cluster even a 
rt «ible to convert into gas 
in detail, it is possible ^ 

„t the room temperature 
su bstance liquid at the ^ ^ a thin 

pheric pressure, to ion. ■ ^ t „ the present 

mm thereof. "ore speoit.ca y ^ 

~^+<= are available 
mention, e 1 reple „ ishing of raw materia!* out- 

blllty ot P direcung beaffl „ rd 

slue the vacuum unit, ^ e(fects as 

f the gravity, bringi"B 
irrespective of the gr clust er beam intense 

4- QT > Qize increase m ciu 
increase In cluster size, ng o£ Ti( i - 

■ u ; 1 i tV Of aSSlSLiii& 

ty , i.e., the possibility 0 ciusters 

mnH ns growth of TiU 3 ( * 

OC3 „, )4 anu P'-"»« * upon releas e or the carrier 

under the heat — * _ the am ount o f sup- 

V «a. into vacuum. supplied oarrl er 

i pUe o -ense, .« « it is Poss.ble to 

: gas capable ot bein g P""'^ & reactive gas such as 
J e to tor. clusters comprising a .ix- 

; xv „ ot a UOUid maten.l « .„ b .t«.c •»«» 

i lic tpr ions ot a 
By irradiating clust subst rate surface 

§ - - — taini rr;Tt r;..-. ~ - 

^ "T^-ia. turns an* crystelllne composite 

::::::: <l ^ » — - — • 
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